Introduction
The dramatic advances in computer technology over the past few decades have profoundly affected health care, including the domain of medical education. For years medical educators have shown great interest in using computer applications in medicalschool curricula to augment, or in some cases replace, traditional teaching methods such as lectures, laboratories, and textbooks. In the domain of human anatomy, many medical educators have turned to three-dimensional (3D) computer models as an alternative means of teaching this fundamental body of knowledge. However, there has been little published research on the effectiveness of computer-generated models in anatomy. In a recent literature review, Lewis found only one study (by Hallgren et al.) that had compared the efficacy of computer-assisted anatomy instruction (CAI) with that of traditional teaching methods (1) . The educational intervention that Hallgren and colleagues described as "Web-based exercises" does not appear to involve computergenerated anatomical models (2) .
To supplement the results of Lewis' review, we searched Medline (from April 1965 through June 1, 2005) using the combined MeSH headings anatomy and computerassisted instruction and found only four randomized controlled studies that evaluated computer-generated anatomical models. Three of these four articles comprise a series of studies conducted by Garg and colleagues (3) (4) (5) . Based on these three studies, the authors offered the following mixed conclusion: "the potential for dynamic display of multiple orientations provided by computer-based anatomy software may offer minimal advantage to some learners and…may disadvantage learners with poorer spatial ability" (5) . The fourth study that we identified compared the use of a shoulder arthroscopy simulator to the use of traditional two-dimensional (2D) images of shoulder anatomy.
Both the control group and the intervention group scored poorly on the evaluation quiz, and there was no statistically significant difference between the groups' mean scores (6) .
Computer-assisted anatomy instruction is generally perceived by medical students to be enjoyable (7) but whether it actually enhances learning is unproven; at best, the literature provides only lukewarm support for this idea. Furthermore, much of what is considered to be "computer-assisted instruction" is in reality little more than static text and images on a screen and does not truly exploit the unique advantages of the medium. Although the use of computer-generated 3D anatomical models has potential advantages over traditional anatomy instruction methods, the time and financial resources needed to develop and adopt these models are significant. We believe that it is important to properly evaluate the effectiveness of computer-generated anatomical models before continuing to invest time and financial resources in this new technology.
In this context we conducted a randomized controlled study to assess the educational value of a computer-generated 3D anatomical model of the ear. In designing the study, we specifically sought to test whether learning is enhanced by exploiting a property of computer technology for which good counterparts are lacking in traditional teaching media: the ability to manipulate 3D structures in space. We hypothesized that student learning of 3D anatomical relationships within the ear would be improved by use of our computer-generated 3D model in addition to the standard teaching modalities of text and 2D images.
Methods

Study Design
We used a randomized control-group design for our study. The outcome measure was the score on a 15-item quiz administered after a computer-based anatomy tutorial. Our study was approved by the McGill University Institutional Review Board.
Participants
We recruited our study subjects from the first-year medical-school class at McGill University (Montréal, Québec) via e-mail and class announcements. All first-year students were eligible for the study. Participation in the study was voluntary and a small remuneration was offered for completion of the study. All volunteers provided written consent.
We felt that a difference of two or more in the mean quiz scores (of a total of 15) between the intervention and control groups would be a meaningful effect. To detect this difference in means at a significance level of 95% and with a power of 0.90, we estimated that a total sample size of 60 students (30 in each group) would be necessary.
Materials
The source of the 3D model used in our study was a high-resolution magnetic resonance imaging scan of the middle and inner ear of a human cadaver (8) . From these images we reconstructed our model using home-grown software (specifically, two programs named Fie and Tr3, which were written and are maintained by one of the given 3D structure, a label is displayed to identify the structure.
Procedures
Our study's ultimate goal was to evaluate whether our 3D model improves students' learning of 3D anatomical relationships in the ear. The 3D model is not meant to improve students' ability to simply recognize and name anatomical structures. To be certain that all participants in the study had sufficient a priori knowledge of the names and appearances of middle and inner ear structures, we required all participants to take an online tutorial that reviews these structures using text and 2D images (Phase 1 of the study). Following the Phase 1 tutorial, the students were required to pass a quiz (seven out of eight answers correct) to qualify for the main portion of the study (Phase 2). For each Phase 1 quiz question, a 2D representation of an anatomical ear structure was displayed and the student had to name the structure. Students who failed the quiz were allowed to retake the Phase 1 tutorial and quiz until they were able to achieve a passing mark. We allowed the participants to complete this preliminary tutorial and quiz from any Internet-connected computer. At the end of Phase 1, we collected baseline information about the participants including their gender, their past experience with ear anatomy, and their past experience with visual-spatial tasks (see Figure 2) . We also assessed their visual-spatial skills using a standard visual-spatial test (9).
Phase 2 of our study was conducted concurrently with the students' lectures and laboratories on ear anatomy. This phase was conducted in a computer lab with students assigned to one of four sessions, which were offered over a two-day period.
We randomly assigned the students (using a random-number table) to either the control or the intervention group. Students worked at their own pace through the on-line tutorial.
This tutorial was identical for the two groups except that the links to the 3D model were disabled for those in the control group. Once a participant felt ready, he or she proceeded to the Phase 2 quiz page. The quiz consisted of 15 questions, each designed to assess the participants' perceptions of 3D relationships among ear structures. Twelve of these questions were multiple-choice, while the remaining three required the students to name a structure by completing a free-text data entry field.
Participants were not permitted to return to the tutorial Web pages once they began the Phase 2 quiz. Web-server logs were used to calculate the time each student spent completing the tutorial and quiz.
Analysis
The primary outcome measurement of our study was the mean score on the Phase 2 quiz. We compared the mean scores of the intervention and control groups with a twotailed Student's t test (using the statistical software SPSS). We also used the Student's t test to compare the mean scores on the visual-spatial test and the mean length of time taken to complete the Phase 2 tutorial and quiz. To analyze the participants' responses concerning their prior experience with 3D games, we conducted a Wilcoxin rank sum test. Finally, chi-square tests were used to ensure that the groups were comparable with respect to gender, previous exposure to ear anatomy, and experience in visual arts.
Results
Sixty-one students agreed to participate in the study, and we randomized them to either the control group (n=30) or the intervention group (n=31). Four of these students (one from the control group and three from the intervention group) were disqualified from the study because they returned to the tutorial Web pages after having begun the Phase 2 quiz. Thus, the final sample sizes were n=29 for the control group and n=28 for the intervention group.
The mean Phase 2 quiz score for the control group was 9.8/15 (65%) while that of the intervention group was 12.5/15 (83%) (see Figures 3 and 4) . The standard deviations for the control and intervention groups were 1.8/15 (12%) and 1.7/15 (11%), respectively. This difference in mean quiz scores (18% with a confidence interval of 12% to 24%) was highly significant (p < 0.001). With regard to the participants' baseline information, there were no significant differences between the two groups (see Figure   4 ). There was a significant difference in the mean length of time spent to complete the Phase 2 tutorial and quiz (control group mean: 16 minutes; intervention group mean: 21 minutes; difference of means: 5 minutes; confidence interval of difference of means: 2.8 to 7.2 minutes; significance: p < 0.001).
Discussion
With this study we have demonstrated that a computer-based 3D anatomical model enhances medical students' learning of ear anatomy. Our findings stand in contrast to the handful of previous attempts to evaluate the effects of computer-generated 3D anatomical models on learning. The negative or equivocal results of previous studies may be in part the result of study design. The equivocal results found by Hariri et al.
(shoulder model study) may be due to low statistical power (their sample size was only 29 students) (6) . The three studies by Garg et al. (carpal bones model) failed to show any learning advantage using computer-generated 3D models. However, our 3D model of the middle and inner ear differs from the carpal-bones model of Garg et al. in several respects. For one, our 3D ear model is fully interactive: it may be zoomed in and out, panned across the screen, and rotated smoothly in all three directions (x, y, and z axes).
Moreover, the structures involved in the middle and inner ear are far more complex and volumetric than the carpal bones. Indeed, Garg and colleagues themselves note that their findings might be "constrained" by the fact that the carpal bones "fall naturally into two planes" (5) . Thus, it may be the greater level of interactivity inherent in our model and the greater complexity of the modeled structure that led to a positive effect on the participants' learning.
Our study also has limitations. First, it was not possible to measure the participants' effort levels during the study. Without any incentive to score well on the quiz, some participants may well have worked at less than maximal efforts. Thus, our results could be due to a higher average effort level in the intervention group as opposed to the control group. This limitation is not unique to our study and would apply to the previous work in this field. Second, we did not impose a time limit on the participants. As noted, students in the intervention group spent more time completing the tutorial and quiz than did those in the control group. Perhaps the improvement in mean quiz scores was not due to the intrinsic value of the 3D model as a teaching tool; rather, the novelty of the 3D model may have encouraged the intervention group to spend more time and to concentrate more on the material as opposed to the control participants, thereby leading to better quiz scores. One can argue that, either way, the outcome is the same: better understanding of 3D anatomical relationships.
Although our study subjects were medical students, it seems plausible that our ear model would be an effective method of teaching residents and/or practicing physicians.
Indeed, our ear model, which we originally developed as a teaching tool for otolaryngology residents, was well received during teaching sessions for residents.
In summary, the use of CAI techniques in anatomy is already widespread. Only a few studies have attempted to evaluate the effectiveness of these teaching tools and, to date, there is little objective evidence that CAI improves anatomy instruction. The results of this study, however, are very positive and suggest that further work is warranted both on the development of interactive 3D models and on the evaluation of their effectiveness. 
